Previous evidence suggests that attention can operate on object-based representations. It is not known whether these representations encode depth information and whether object depth, if encoded, is in viewer-or objectcentered coordinates. To examine these questions, we employed a spatial cuing paradigm in which one corner of a 3-D object was exogenously cued with 75% validity. By rotating the object in depth, we can determine whether validity effects are modulated by 2-D or 3-D cue-target distance and whether validity effects depend on the position of the viewer relative to the object. When the image of a 3-D object was present (Experiments 1A and 1B), validity effects were not modulated by changes in 2-D cue-target distance, and shifting attention toward the viewer led to smaller validity effects than did shifting attention away from the viewer. When there was no object in the display (Experiments 2A and 2B), validity effects increased linearly as a function of 2-D cue-target distance. These results demonstrate that attention spreads across representations of perceived objects that encode depth information and that the object's orientation in depth is encoded in viewer-centered coordinates.
The properties of selective attention in both 2-D and 3-D space have been extensively studied using exogenous spatial cuing paradigms in which one display location is cued before an ensuing target (e.g., Downing & Pinker, 1985; Posner, 1980) . In 2-D space, when the target appears within half a second or less from the cue onset, participants are more accurate and faster to respond when the target appears at the cued location (valid cue trials) than when it appears at unexpected or invalidly cued locations (invalid cue trials). In addition, the performance difference between valid and invalid cue trials, termed a validity effect, can depend on the spatial distance between the cue and the target, with longer distances leading to larger validity costs (e.g., Egly & Homa, 1991; Posner, 1980) .
Studies of selective attention in 3-D space have also shown that attention can be allocated to distinct locations in depth, with costs of attention arising when attention shifts from a location in one depth plane to a location in another depth plane (e.g., Andersen, 1990; Andersen & Kramer, 1993; Arnott & Shedden, 2000; Atchley, Kramer, Andersen, & Theeuwes, 1997; Downing & Pinker, 1985; Gawryszewski, Riggio, Rizzolatti, & Umiltà, 1987; He & Nakayama, 1995; Theeuwes, Atchley, & Kramer, 1998) . These studies show that depth is encoded in our representation of space and that this representation can be accessed by selective attention. Furthermore, some studies on selective attention in 3-D space have shown that shifting attention away from the viewer leads to larger validity effects than does shifting attention toward the viewer, suggesting that 3-D space is represented in viewer-centered coordinates (e.g., Andersen, 1990; Andersen & Kramer, 1993; Arnott & Shedden, 2000; Downing & Pinker, 1985; Gawryszewski et al., 1987) .
In addition to evidence that selective attention operates across empty space, there is considerable evidence that the presence of objects can alter the way selective attention is allocated in both 2-D and 3-D space. Studies using objects (e.g., rectangles) extending to different locations in two dimensions have shown that whole objects can be selected (e.g., Baylis & Driver, 1992; Egly, Driver, & Rafal, 1994) , as can individual object parts (e.g., Leek, Reppa, & Tipper, 2003; , 2006 Vecera, Behrmann, & Filapek, 2001; Vecera, Behrmann, & McGoldrick, 2000) . Differences in validity effects between two locations that are part of an object are observed to be smaller than those between two locations on different objects, even if the spatial distance is equivalent (e.g., Egly et al., 1994) . These findings show that shifts of attention from one location to another can be reduced if those locations are part of the same object (e.g., Duncan, 1984; Egly et al., 1994) and
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the space within objects-in other words, whether depth is encoded in the representations of objects selected by attention. Second, knowing that attention can select objects or object surfaces that either lie along a single depth plane or extend in depth cannot tell us whether depth is encoded as part of the selected object representation. That is, the elimination of selection costs due to the presence of an object surface extending in depth could mean that depth is not encoded in the representation of the object but, instead, that selective attention operates on a 2-D representation of the attended object surface, regardless of whether it extends in depth (e.g., . Alternatively, it could mean that depth is encoded in the representation of the selected object and attention operates on a representation of the object that includes full depth information (e.g., a 3-D object representation). The latter possibility remains untested. 1 Furthermore, if the orientation of the object in depth is encoded in the object's representation, it may be represented relative to the viewer, yielding a representation of the 3-D object that is viewer centered, or depth may be represented relative to one of the object's global attributes (and entirely independently of the viewer), such as its axis of elongation, yielding a fully 3-D object-centered representation of the object.
The issue of whether and how depth is encoded in the representation of objects is also relevant and debated within current theories of object recognition. For instance, one important question in object recognition is whether the relationship between the object and the viewer is explicitly encoded in the representations of 3-D objects. Some accounts propose that objects are represented as configurations of fully 3-D viewpoint-invariant parts coded relative to a global attribute of the object, independently of the viewing position (such as the object's axis of symmetry or elongation; e.g., Biederman, 1987; Biederman & Gerhardstein, 1995; Marr & Nishihara, 1978) . Other accounts, although they agree that objects are represented as 3-D models, propose that those representations also contain some viewpoint-specific information about depth (e.g., Ullman, 1989) . Finally, other object recognition accounts propose that 3-D object shape is represented by 2-D viewpoint-dependent features, such as outline contours (e.g., Tarr & Bülthoff, 1998; Tarr & Pinker, 1989) or surfaces (e.g., Leek, Reppa, & Arguin, 2005; Tarr & Bülthoff, 1998) that are coded relative to the viewer and have little or no depth information (e.g., Bülthoff, Edelman, & Tarr, 1995) .
Our aim in the present study was to examine whether object-based attention is mediated by representations that encode the orientation of the object in depth and whether the object's orientation in depth, if encoded, is in viewercentered or object-centered coordinates. In Experiments 1A and 1B, one of four corners of the front plane of a hollow 3-D square was cued (Figures 1A and 1B) and participants made speeded detection responses to targets at the same location as the cue (valid trials) or at one of the corners adjacent to the cue (invalid trials). Critically, the square appeared either unrotated or rotated in depth that the presence of objects can alter the perceptual organization of the visual scene and, subsequently, the shifts of attention to locations in that scene (e.g., Robertson & Kim, 1999) . Typically, such findings are taken to support the notion that attention can be object based-that it can select representations of distinct objects and object parts from the visual scene.
Similar observations have been made for objects (e.g., Atchley & Kramer, 2001; Gibson & Egeth, 1994; Umiltà, Castiello, Fontana, & Vestri, 1995) and perceived surfaces (e.g., He & Nakayama, 1995) extending in depth. For instance, He and Nakayama's Experiment 3 showed that validity costs for targets located on a stereo-defined surface were equally large, irrespective of the amount of disparity (i.e., distance in depth), suggesting that attention can operate on perceived surfaces extending in depth. Similarly, in a divided attention task, using realistic objects, Atchley and Kramer found that targets appearing at two different depths were detected faster if they belonged to the same object than if they belonged to two different objects. These findings suggest that the presence of an object extending in depth can also eliminate effects of switching attention in depth.
Therefore, so far, studies on selective attention in 3-D space show that information about depth (whether two locations are in the same or a different depth) is encoded in the representation of space in viewer-centered coordinates and that it can influence selective attention. Furthermore, evidence from studies in which objects extending in 2-D or in 3-D space were used shows that the cost of switching attention from one location to another are eliminated when those locations appear within the same object or on the same surface (e.g., Atchley & Kramer, 2001; Egly et al., 1994; He & Nakayama, 1995) .
One theoretically important issue that is often neglected is the nature of object shape representations that underlie any observed object-based attention effects. This issue pertains to the shape primitives that underlie such representations (i.e., whether they are part-based or holistic; e.g., Leek et al., 2003; , 2006 Vecera et al., 2001; Vecera et al., 2000) . It also pertains to whether the object representations underlying object-based attention effects are 2-D or 3-D (e.g., ). In the present study, we examined the second issue: Do the representations of selected 3-D objects contain depth information? Currently, neither evidence from space-based attention studies nor evidence from object-based attention studies can offer an answer to this question. First, knowing that depth is encoded in our representation of (empty) space and that this representation can modulate attention does not inform us on whether depth is encoded in the representation of the space within an object. One possibility is that space within an object is represented by principles similar to those for empty space that is not constrained by object contours, and therefore, as with empty space, depth will also be encoded as part of the representation of the space within an object. Another possibility is that space within an object is represented differently from space outside objects, therefore leaving the question open of whether depth is represented in the representation of the object on which attention operates, this would suggest that 3-D, but not 2-D, cue-target distance would mediate response latencies when the object is present (Experiments 1A and 1B). In contrast, 2-D cue-target distance should mediate response latencies when object contours are absent and object-based representations are inoperative (Experiments 2A and 2B).
The second question was whether the object's orientation in depth, if encoded in the object representation, is in object-centered or viewer-centered coordinates. If the object's orientation in depth is encoded in viewer-centered coordinates, shifting attention toward the viewer could lead to faster response latencies than would shifting attention away from the viewer, similar to how visual attention operates on unparsed space (e.g., Andersen, 1990; Andersen & Kramer, 1993; Arnott & Shedden, 2000; Gawryszewski et al., 1987) . In contrast, if the object's orientation by 45º. Although rotation affected the 2-D cue-target distances, perceived 3-D distances within the object were the same. Because of the rotation, the 2-D extent at the far end of the rotated object was shorter, and the near end longer, than when the object was unrotated. Horizontally, the 2-D extent of the surface was shorter in depth when the object was rotated than when it was unrotated. In Experiments 2A and 2B, the object was removed from the display, but all cue and target conditions remained the same.
This design allowed us to investigate two issues regarding the representations mediating the spread of attention across the image of a 3-D object. First, we examined whether attention spreads across the 2-D extent of the object or whether it encodes depth-by comparing attention shifts along the near end of the object with those along the far end. If depth is encoded in the representation of horizontal invalid trials were labeled between-planes shifts, and vertical invalid trials were labeled within-planes shifts. In Experiment 1B, the labeling was reversed, and now horizontal invalid trials were labeled within-planes shifts, and vertical invalid trials were labeled between-planes shifts.
In Experiment 1A, the object appeared unrotated in 33% of the trials and was rotated around the y-axis to the left or to the right with equal probability in the remaining 66% of the trials. Similarly, in Experiment 1B, the object appeared unrotated in 33% of the trials and was rotated around the x-axis forward or backward with equal probability in the remaining 66% of the trials. Object rotation (unrotated, rotated) was randomized throughout the trials in both experiments. In each experiment, there were 432 trials in total, and in 48 of those trials (11%), no target appeared (catch trials). The target appeared at the same location as the cue in 75% (288) of the trials. For the remaining 25% (96; invalid trials), the target appeared at a corner of the object either vertically or horizontally opposite from the cue.
Each trial began with the fixation sphere at screen center, followed by the image of a 3-D square 1,000 msec later. Both the fixation sphere and the square remained visible until the trial ended. After 1,000 msec from the onset of the square, the cue appeared randomly and with equal probability on one of the four corners of the front face of the square and remained for 100 msec. After 200 msec from cue offset, the target (or nothing) appeared for 1,500 msec or until a response was registered. The participants were instructed to press the space bar on the keyboard as soon as they detected the target and to withhold their response if no target appeared. A 500-Hz beep sounded if a keypress was detected in the catch trials. The instructions emphasized the importance of using the cue to allocate attention covertly, while maintaining eye fixation on the sphere and avoiding eye movements toward any other events on the screen. A chinrest was used to keep the participants' head from moving.
Experiment 1A Results
Responses for catch trials (2.2%), responses faster than 150 msec (6%), which were considered anticipatory, and responses slower than 1,000 msec (0.6%), which were considered too slow for this task (e.g., Vecera, 1994) , were not included in the analyses. A 3 (validity: valid, invalid between planes, invalid within planes) 3 3 (target depth: unrotated, far, near) repeated measures ANOVA, with correct mean response time (RT) as the dependent measure, revealed significant main effects of validity [F(2,38) 
Invalid RT Analysis
The effect of target depth on the mean RTs of invalid trials was examined in order to address the two issues under investigation: whether RT performance is mediated by 2-D or 3-D cue-target distance, and whether the object's orientation in depth, if encoded in the object representation, is encoded in object-centered or viewercentered coordinates. Here, we report two analyses of invalid RTs. In the first set of analyses, we examined between-planes shifts for the rotated objects (i.e., when the cue and target appeared at different depth planes on the object). For comparison purposes, in this analysis, we included the horizontal shifts along the unrotated objects, which we labeled between-planes shifts (for details, see the Design section). In the second set of analyses, we examined within-planes shifts for the rotated objects (i.e., in depth is encoded in object-centered coordinates, there would necessarily be no difference between attention shifts toward or away from the viewer.
EXPERIMENTS 1A AND 1B

Method
The methodological details were the same for Experiments 1A and 1B unless otherwise stated.
Participants
Twenty undergraduate students (Experiment 1A) and a different sample of 20 undergraduate and postgraduate students (Experiment 1B) at Swansea University were given course credit to participate. All of the participants had normal or corrected-to-normal vision and were naive as to the purpose of the experiment.
Apparatus and Stimuli
The stimuli (Figures 1A and 1B) were displayed on a computer monitor at a 57-cm viewing distance. All of the stimuli appeared against a black background and were viewed monocularly to reduce discrepancy between the perceived three-dimensionality of the object and the two-dimensionality of the computer screen. A hollow, 3-D rendered square was created in Strata 3-DPro, lit from an external source. The square was rendered in two positions: either unrotated or rotated in depth by 45º of visual angle. When the object rotated, the light source did not rotate with the object. In Experiment 1A, the square was rotated around its y-axis to the left or to the right. In Experiment 1B, it was rotated along its x-axis forward or backward. When the square was unrotated, its front surface measured 7.5º 3 7.5º. When the square was rotated, its extent in depth was 4.5º, its extent around the perceived-near depth plane was 8.5º, and its extent along the far depth plane was 6.5º. The fixation sphere's diameter was 0.4º. The cue was a red L-shape with 1.7 º line segments, and the target was a white square (0.5º 3 0.5º). Once created with the above measurements, the cue and target were deformed so that they appeared as part of the object's surface at each orientation. Cue visibility was calculated using the Weber contrast, with the stimulus luminance being the luminance of the cue (7.22 cd/m 2 ) and the background luminance being the luminance of the object surface (17.13 cd/m 2 when unrotated and 13.94 cd/m 2 when rotated). Cue visibility when the object was unrotated was C W 5 2.58 and when the object was rotated was C W 5 2.48
Design and Procedure
Cue-target validity and target depth were manipulated within subjects. Cue-target validity had three levels: valid, the cue and the target appeared at the same location on the object; invalid withinplanes, the cue and the target appeared along the same depth plane (e.g., near); and invalid between-planes, the cue appeared on one depth plane (e.g., near) and the target appeared on the other (e.g., far). Target depth also had three levels: unrotated, the target appeared on any corner of the unrotated square; far, the target appeared on any of the two far corners of the left-or right-rotated square; and near, the target appeared on any of the two near corners of the rotated square. The combination of the two variables gave rise to three valid (valid unrotated, valid far, valid near) and six invalid types of trial. The invalid trials were categorized ( Figure 1A ) as a function of target location in depth relative to the viewer (near, far, or unrotated) and whether the cue and target appeared on the same or a different depth plane (between-vs. within-planes shifts). For the rotated objects, when the cue and target appeared on different depth planes (between-planes shifts), the invalidly cued near and far targets were labeled far-to-near and near-to-far, respectively. When the cue and target appeared within the same plane (within-planes shifts), the invalidly cued targets were termed far or near, depending on their perceived location relative to the viewer. For the unrotated objects, in the service of comparison with the between-and within-planes shift conditions when the object was rotated, horizontal and vertical shifts were labeled as follows. In Experiment 1A, Between-planes shifts. The between-planes validity effects mirrored the between-planes RT data. A one-way repeated measures ANOVA on validity effects showed a significant effect of target depth [F(2,38) 
Experiment 1B Results
For the catch trials (1%), responses faster than 150 msec (2.5%) and slower than 1,000 msec (0.5%) were not included in the analyses. Furthermore, the data from 1 participant were not included in the analysis because of unusually high RTs (more than 2 SDs from the group mean). A 3 (validity: valid, invalid between planes, invalid within planes) 3 3 (target depth: unrotated, far, near) repeated measures ANOVA, with correct mean RT as the dependent measure, revealed a significant main effect of validity [F(2,36) 5 6.54, p 5 .004]. The main effect of target depth was not significant [F(2,36) , 1, p . .05], but there was a significant validity 3 target depth interaction [F(4,72) 5 5.75, p 5 .0001]. Table 1 shows the cell means.
Invalid RT Analysis
As in Experiment 1A, invalid trials for Experiment 1B were categorized as a function of target location relative to the viewer (near, far, or unrotated) and whether the cue and target appeared on the same or a different depth plane (between and within planes). For the rotated objects, when the cue and the target appeared within the same plane, the invalidly cued targets were termed far or near, depending on their perceived location along the object relative to the viewer. When the cue and the target appeared on different depth planes, the invalidly cued near and far targets were labeled as far-to-near and near-to-far; respectively. For the unrotated objects, unlike in Experiment 1A, vertical shifts were now labeled between-planes shifts and horizontal shifts were labeled within-planes shifts (for comparison with the rotated conditions).
Between-planes shifts. A one-way repeated measures ANOVA showed a significant effect of target depth (unrotated vs. near-to-far vs. far-to-near) on invalid betweenwhen the cue and target appeared along the same depth plane of the object). Again, for comparison purposes, we included the vertical cue-target attention shifts along the unrotated objects, which we labeled within-planes shifts (see the Design section).
Between-planes shifts. A one-way repeated measures ANOVA showed a significant effect of target depth (unrotated, far-to-near, near-to-far) on invalid between-planes RTs [F (2, 38) Within-planes shifts. A one-way repeated measures ANOVA showed no significant effect of target depth (unrotated, near-to-far, far-to-near) on invalid within-planes RTs [F(2,38) , 1, p . .05], indicating that how attention spreads across a representation of the object's surface is not affected by changes in 2-D distance.
Valid RTs and Validity Effects Analysis
Validity effects were analyzed to establish that the RT data pattern reported above reflects differences in shifting attention, as opposed to differences influenced by attending to different depths, even without the need to shift attention (i.e., as in the case of valid trials). Indeed, the effect of target depth (unrotated, far, near) on valid trial RTs was significant [F(2,38) We examined the effect of target depth on validity effects separately for between-and within-planes shifts. To anticipate, the pattern of results for the validity effects mirrored the pattern in the RT data for both types of shift. Shifting attention toward the viewer was significantly faster than shifting attention away from the viewer. Critically, these effects were observed both in the absence of differences between vertical shifts for far and near planes and in the absence of differences between horizontal shifts along the unrotated object and near-to-far shifts along the rotated object. In both cases, there were differences in the 2-D cue-target distance. Therefore, although 2-D distances failed to modulate response latencies and validity effects, the perceived 3-D layout of the object did. Incidentally, this pattern of results was replicated exactly in a different lab, using displays in which the 3-D object was seen to be rotating in depth (adding an extra, depth-from-motion cue) before the cue and target appeared on the object.
This finding, to our knowledge, is the first piece of evidence that the representation of a selected object makes depth information explicit. As such, it significantly extends previous evidence for the operation of object-based attention for objects that extend along a single depth plane (e.g., Egly et al., 1994) or objects that extend in depth (e.g., Atchley & Kramer, 2001; He & Nakayama, 1995, Experiment 3) , by sharpening our understanding of the nature of the representations that mediate such object-based attention effects. Previous researchers examining spacebased attention in depth along space between objects have also reported that depth is encoded in the representation of visual displays (i.e., performance costs when attending to two different objects at different depths, as opposed to attending to two objects at the same depth; e.g., Atchley & Kramer, 2001 ) and that it is encoded in viewer-centered coordinates (i.e., differential effects between far-to-near and near-to-far attention shifts; e.g., Andersen, 1990; Andersen & Kramer, 1993; Arnott & Shedden, 2000; Downing & Pinker, 1985; Gawryszewski et al., 1987) . The present findings show for the first time that depth is also encoded in the representation of objects. Furthermore, depth is not encoded in object-centered coordinates that discard the viewer's position relative to the object, but in viewer-centered coordinates that take into account the relative locations of the viewer and the object.
This finding has important implications for theories of attention and theories of object recognition. It constrains hypotheses that attention spreads across 2-D representations (e.g., Vecera, 1994; Vecera & Farah, 1994) , showing that selective attention can be reliably modulated by a representation of the 3-D object that makes object depth relative to the viewer explicit. The finding that object depth is encoded in viewercentered coordinates also constrains hypotheses of object recognition. More specifically, depth is encoded not in object-centered coordinates, as would be hypothesized by some theories of object recognition (e.g., Biederman, 1987; Marr & Nishihara, 1978) , but in viewer-centered coordinates, as is hypothesized by view-based theories of object recognition (e.g., Tarr & Bülthoff, 1998; Tarr & Pinker, 1989) .
One unexpected finding was that response latencies in the invalid far-to-near condition were not significantly slower than those in the valid condition in either experiinvalid RT for each condition. Experiment 1B validity effects are shown in Figure 2B . The between-planes validity effects were significant for the unrotated (M 5 29. 
Experiments 1A and 1B Discussion
Our aim in the present study was to examine the nature of object representations that mediate object-based attention effects. In particular, we examined whether the selected object representation makes depth information explicit or whether it is 2-D. We hypothesized that, if depth information is not made explicit in the selected object representation, the 2-D cue-target distance would mediate validity effects. In contrast, if depth is made explicit, the perceived cue-target distance would mediate validity effects. Furthermore, if depth is explicit in the object representation, it could be encoded in terms of either viewer-centered or object-centered coordinates. Two main findings emerged. When attention was directed within the same plane, there were no differences in RTs or in validity effects, regardless of whether the object appeared rotated or unrotated relative to the viewer, indicating that the cost of shifting attention within any object depth plane was equivalent, despite differences in 2-D cue-target distance. This finding contributes to existing evidence that attention can spread automatically across a perceived surface that is cued, as opposed to across space as it appears on the retina (e.g., He & Nakayama, 1995; Robertson & Kim, 1999) .
The second finding was that viewer-centered effects were observed: Far-to-near shifts were faster than nearto-far shifts. Such viewer-centered attention effects have previously been reported in studies in which space-based attention in depth-that is, attention across the space between different objects appearing at different locations in depth-has been examined using real scenes (e.g., Downing & Pinker, 1985; Gawryszewski et al., 1987) and stereoscopic displays (e.g., Andersen & Kramer, 1993; Arnott & Shedden, 2000) . Here, we examined attention to different locations along the surface of a single object extending in depth and observed attention operating in a viewer-centered way along an object extending in depth: previous findings that visual attention spreads in visual space as a linear function of the distance between two locations (e.g., Egly & Homa, 1991) , it was predicted that RTs would vary as a linear function of cue-target distance, with longer distances yielding longer RTs.
Method Participants
Twenty undergraduate and postgraduate students at Swansea University were paid £4.00 to participate in Experiment 2A, and a different sample of 20 undergraduate students from Swansea University was paid £4.00 to participate in Experiment 2B. All of the participants reported normal or corrected-to-normal vision, and none had participated in the previous experiments.
Stimuli
For both Experiments 2A and 2B, apart from the removal of the 3-D square, all remaining stimuli (fixation sphere, cue, and target) were exactly the same as those used in Experiments 1A and 1B, respectively, with the only difference that now the object on which they appeared was removed and replaced by the same color as the background (black). Cues and targets appeared with the same perspective deformation that they appeared in during Experiments 1A and 1B. Cue visibility against the black background (0.22 cd/m 2 ) was C W 5 31.81 for both rotated and unrotated displays.
Design and Procedure
The experimental design and procedure of Experiments 2A and 2B were identical to those of Experiments 1A and 1B, respectively. Although no object was present, for the purpose of comparison, the conditions were labeled the same as those in Experiments 1A and 1B, respectively.
Experiment 2A Results
For the catch trials (2.0% false alarms), responses faster than 100 msec (4.0%) and slower than 1,000 msec (0.3%) were excluded from the analyses. The correct mean RT in each experimental condition is shown in Table 1 
Invalid RT Analysis
All invalid trials for Experiment 2A were labeled in the same way as they were in Experiment 1A, for the purpose of comparison.
Between-planes shifts. For invalid horizontal RTs, there was a significant effect of target depth [F(2,38) He (2004) found that overt visual scanning of the ground surface from far-to-near locations on the ground led to an underestimation of the distance between the target and the observers, relative to visual scanning from near-to-far locations in depth. A similar but covert visual scanning process (unlike the overt scanning in Wu et al., 2004 ) is simulated in the present cuing experiments: Covert visual scanning in depth is assumed in invalid trials, where the cue and target appear at different depths. According to the proposal of Wu et al., in trials in which the cue appears at the far end of the display and the target near the observer, the distance between the two objects is likely to be underestimated, leading to faster detection of the near target. Conversely, perceived distance between the cue and the target is likely to be more accurate when the cue appears at the near end of the object and the target at the far end. Subsequently, responses to targets in the nearto-far condition would be comparatively equivalent to those in the unrotated condition and slower than those in the far-to-near condition. Nevertheless, the lack of significant validity effects in the far-to-near condition does not detract from the finding that it was the 3-D layout of the object, as opposed to its 2-D layout, that guided the spread of selective attention across the object.
EXPERIMENTS 2A AND 2B
In Experiments 1A and 1B, attention spread across the perceived extent of a 3-D object extending in depth, and we concluded that attention was operating on an objectbased representation coded in viewer-centered coordinates. Arguably, our results may reflect the operation of a purely spatial attention mechanism that spreads differentially across the visual field, regardless of whether an object is present in the display or not, rendering our conclusions from Experiments 1A and 1B premature.
To ensure that the observed effects reflect the operation of object-based attention, as opposed to the distribution of attention in 2-D space regardless of whether an object is present, in Experiments 2A and 2B, we repeated Experiments 1A and 1B, except that no object information (and subsequently, no depth information) was present. If, even in the absence of object information, the same pattern of results emerges as in Experiments 1A and 1B, this would imply that the object-and the depth information that it also provides-did not change the normal 2-D spatial operation of attention. In contrast, if the pattern of results in Experiments 1A and 1B was due to the perceptual organization of space imposed by the object, the removal of the object in Experiments 2A and 2B would produce a different pattern of results. Additionally, if a comparison between Experiments 1A and 1B and 2A and 2B reveals a significant interaction between experiment and target depth, we can be certain that the lack of an effect of target depth observed in Experiments 1A and 1B for within-planes shifts is not simply a null effect due to insufficient power. Following 
Valid RTs and Validity Effects Analysis
The effect of target depth (unrotated, far, near) on valid RTs was significant [F(2,36) 5 5.31, p 5 .01]. The validity effects are shown in Figure 2D . For the between-planes shifts, all of the validity effects were significant [unrotated M 5 45.3 msec, SD 5 23. 1, t(18) 
Experiments 2A and 2B Discussion
In Experiments 2A and 2B, we used the same cue-target configurations as in Experiments 1A and 1B, respectively, to examine the pattern of validity effects as a function of cue-target distance without the presence of the object. We reasoned that any differences between the pattern of results in Experiments 1A and 1B (object present) and 2A and 2B (object absent) would reveal the influence that a change in the perceptual organization of space imposed by the object in the former has on selective attention. Indeed, the pattern of results in Experiments 2A and 2B (validity effects influenced by cue-target distance) was drastically different from that in Experiments 1A and 1B (validity effects invariant to cue-target distance but sensitive to target location relative to the viewer). Below, we compare the validity effects between object-present and object-absent trials separately for the y-axis and x-axis rotations.
Comparison Between Experiment 1A and Experiment 2A ( y-Axis Object Rotation)
If the pattern of results in Experiments 1A and 1B was due to the perceptual organization of space imposed by an underlying object representation, as opposed to the normal spatial distribution of attention across 2-D space, an interaction between cue-target distance and experiment is predicted. Cue-target distance should significantly influence validity effects in Experiments 2A and 2B (object absent) but not in Experiments 1A and 1B (object
Valid RTs and Validity Effects Analysis
The effect of target depth (unrotated, far, near) on valid RTs was not significant [F(2,38) , 1, p . .05]. The validity effects are shown in Figure 2C . For the between-planes shifts, validity effects were significant in the unrotated condition (M 5 30.6 msec, SD 5 48.2) [t(19) 5 2.39, p 5 .02] and in the near-to-far condition (M 5 11.5 msec, SD 5 9.6) [t(19) 5 2.67, p 5 .04] and marginally significant for the far-to-near condition (M 5 10.6 msec, SD 5 8.6) [t (19) Between-planes shifts. The effect of target depth was significant for the validity effects [F(2,38) 5 3.79, p 5 .03]. Planned comparisons showed that the validity effects were significantly larger in the unrotated than in the farto-near [t(19) 5 2.10, p 5 .02] and near-to-far [t(19) 5 2.40, p 5 .03] conditions. There was no significant difference between far-to-near and near-to-far validity effects (t , 61, p . .05).
Within-planes shifts. The within-planes validity effects similarly revealed a significant effect of target depth [F(2,38) 
Experiment 2B Results
Responses for the catch trials (1.1% false alarms), and responses faster than 100 msec (2.4%) and slower than 1,000 msec (0.2%) were not included in the analyses. The data from 1 participant were removed because that participant's RTs were higher than 2 SDs from the group mean. The correct mean RT in each experimental condition is shown in Table 1 
Invalid RT Analysis
All invalid trials for Experiment 2B were labeled in the same way as they were in Experiment 1B.
Between-planes shifts. For the invalid betweenplanes RTs, there was a significant effect of target depth [F(2,36) 5 4.44, p 5 .02]. The unrotated RTs were longer than both the far-to-near and the near-to-far RTs [t(18) 5 2.56, p 5 .02, and t(18) 5 3.09, p 5 .006, respectively]. There was no difference between the far-to-near and the near-to-far RTs [t(18) , 61, p . .05].
Within-planes shifts. There was a significant effect of target depth on invalid within-planes RTs [F (2, 36) In summary, across the experiments reported here, 2-D cue-target distance linearly influenced RTs for both between-and within-planes attention shifts only when object contours were absent, not when the same distances were due to rotation of a 3-D object. Importantly, a comparison between the effect of target depth between Experiments 1A and 1B and 2A and 2B strengthens the findings of Experiments 1A and 1B. The fact that target depth had a significantly greater effect for Experiments 2A and 2B than for Experiments 1A and 1B argues that the addition of the object constrained how attention spread across space and that the null effect of target depth for withinplanes shifts in Experiments 1A and 1B was not due to insufficient power.
It is worth noting that the validity effects in Experiments 2A and 2B were modulated strictly by cue-target distance, despite the fact that cues and targets appeared with a perspective deformation, potentially indicating that they could be lying along an invisible surface extending in depth. That is, although this setup could have led the participants to interpret the cue-target relations as relations in depth (in particular, between-planes shifts), it did not, suggesting that the effects obtained in Experiments 1A and 1B were influenced by the presence of the object per se.
GENERAL DISCUSSION
In the present study, we examined the nature of representations of objects selected by object-based attention: Is depth explicitly encoded in the object representation, and if so, is it in viewer-or object-centered coordinates? When an object structured the scene (Experiments 1A and 1B), the 2-D cue-target distance was unrelated to the pattern of validity effects, but 3-D cue-target distance, as was imposed by the presence of the perceived 3-D square, clearly mattered. More specifically, within-planes far and near target validity effects did not differ, regardless of their differences in cue-target distance in 2-D space. At the same time, for between-planes shifts, although the 2-D distances in the near-to-far and far-to-near conditions were identical, the validity effects in those conditions were significantly different. Thus, attentional shifts were modulated by the location of the cue and target in depth, relative to the viewer. Furthermore, although 2-D cue-target distances in the unrotated and near-to-far conditions were different, the validity effects were equivalent. When the object, and the depth cues that it provided, were absent from the scene (Experiments 2A and 2B), the validity effects were influenced by 2-D cue-target distance, a finding previously observed in the literature (e.g., Downing & Pinker, 1985; Egly & Homa, 1991) . This finding demonstrates that the pattern of validity effects observed when the object was present in Experiments 1A and 1B was different from the way that attention spreads across 2-D empty space, indicating that the representation mediating validity effects in Experiments 1A and 1B was object based. present). The following analyses confirm this prediction. Figures 3A-3C different, depending on target depth condition, and led to different validity effects: far-to-near , near-to-far). We found that object-based attention operated on a representation of the object that encoded cue-target locations in depth and that space within the object was coded in viewer-centered coordinates.
Although, in the present study, we examined the nature of object representations that mediate object-based attention effects, our findings also suggest that some properties are shared by object-and space-based attention. The present evidence for viewer-centered effects in shifts of attention within objects, together with previous evidence showing that attention in empty space (i.e., space between objects) operates in viewer-centered coordinates (e.g., Andersen, 1990; Andersen & Kramer, 1993; Arnott & Shedden, 2000; Downing & Pinker, 1985; Gawryszewski et al., 1987) , suggests a shared representational format for the two types of attention shifts. Additional evidence for this comes from a comparison of our study and that of Robertson and Kim (1999) . Robertson and Kim proposed that attention operates on perceived space as structured by objects within a scene. Similarly, here we show that attention shifts within an object are constrained by the perceived space structured by the orientation of the object.
The present findings extend our knowledge about the nature of shape representations that mediate object-based attention, further sharpening our understanding of what constitutes an object in object-based attention. Previous evidence has shown that object-based attention operates on part-based representations of the selected objects (e.g., Leek et al., 2003; , 2006 Vecera et al., 2001; Vecera et al., 2000) . Here, we examined another neglected issue regarding the nature of the object representations that are selected in selective object-based attention: whether they encode depth. Incidentally, these issues-the nature of shape primitives and the coordinate frames of object representations-are the two most highly visible and debated in the object recognition research. What can the present findings tell us about the organizing shape primitives of the selected object representation? The withinplanes shift results (unrotated 5 near 5 far) and part of the between-planes shift results (unrotated 5 near-to-far) suggest that the organizing primitives mediating object selection are not simply 2-D, thereby not fully supporting view-dependent theories of object recognition (e.g., Tarr & Bülthoff, 1998; Tarr & Pinker, 1989) . Meanwhile, the difference between far-to-near and near-to-far shifts suggests that the primitives are also not fully 3-D, thereby also not entirely supporting view-independent theories of object recognition (e.g., Biederman, 1987; Marr & Nishihara, 1978) . If the underlying primitives were fully 3-D, there would presumably be no difference between the two types of shift. We therefore suggest that attention can operate on representations such as those described in Marr and Nishihara as a 2.5-D sketch representation, in which object surfaces are described in combination with their orientation in depth relative to the viewer.
The finding that object-based attention can operate on object representations that encode depth relative to the viewer also sets new constrains on hypotheses about the The present results are consistent with previous evidence that visual selective attention can be modulated by the perceived organization of the image (e.g., Duncan, 1984; Egly et al., 1994; Leek et al., 2003; , 2006 Robertson & Kim, 1999; Vecera et al., 2001; Vecera et al., 2000) . The study by Robertson and Kim is particularly relevant here. By presenting a spatial cuing task superimposed over a scene with strong depth cues, they showed larger validity effects across a distant line that was perceived to be longer (the far corner of a room's wall) than a line perceived to be shorter (part of the near corner of the wall), despite the fact that the lines were identical in length. On the basis of this finding, they proposed that selective attention operated across space defined by the visual organization of the scene. However, in light of the present results, an equally valid interpretation of their data is that the walls used to structure the scene and alter the dynamics of selective attention evoked an object representation that explicitly encoded depth information. The perceptual illusion used by Robertson and Kim may have changed the representations mediating selective attention, just as the inclusion of the 3-D object in Experiments 1A and 1B altered the attentional dynamics relative to how attention shifted in unparsed space (Experiments 2A and 2B) .
The present findings demonstrate that attention spreads across a representation of a perceived 3-D object that encodes viewer-specific depth. Although viewer-centered representations (demonstrated by smaller validity effects when attention moves toward the viewer than when it moves away from the viewer) have previously been shown to mediate space-based attention (e.g., Andersen, 1990; Andersen & Kramer, 1993; Arnott & Shedden, 2000; Atchley & Kramer, 2001; Downing & Pinker, 1985; Gawryszewski et al., 1987) -that is, attention to distinct locations or objects in depth across space between objects-no study to our knowledge has previously shown that viewer-centered representations can also mediate object-based attention effects-that is, attention to locations within an object across space occupied by the object. Previous studies have provided evidence potentially compatible with both viewer-and object-centered representations (e.g., Gibson & Egeth, 1994; Umiltà et al., 1995) by showing that attention is tied to a location within an object, irrespective of whether the stimulus location had changed relative to the viewer. Although these studies showed that selective attention operates on a representation that encodes the relationship between features of the object, they did not show whether their spatial relationship is encoded in 2-D or 3-D coordinates (i.e., whether depth is encoded as part of the object's representation), and did not exclude the possibility that those features are also encoded relative to the viewer (since they lacked manipulations in which attention shifts toward and away from the viewer). By manipulating the perceived orientation of the object in depth relative to the viewer, in Experiments 1A and 1B, we dissociated the location of cues and targets relative to the object (which was the same across all invalid conditions and led to equivalent validity effects: unrotated 5 far 5 near) from their location relative to the viewer (which was present study adds to this work with the finding that such viewer-centered effects can also be obtained by pictorial depth cues, therefore showing that the present findings are best accounted for by the operation of attention across a representation of 3-D objects that explicitly encodes viewer-based depth.
nature of representations that underlie object-based attention. For instance, Vecera and Farah (1994; see also Vecera, 1994) proposed that object-based attention effects could potentially reflect grouped-array effects-effects of attention in the space occupied by the object-without necessarily evoking an object-based representation (such as Marr and Nishihara's [1978] object-centered 3-D model representation). More recent work has further suggested that such 2-D grouped-array representations can be generated by the application of segmentation processes based on color or depth and can account for a number of objectbased attention findings (e.g., O'Grady & Müller, 2000) . The present findings cannot easily be accounted for in terms of 2-D grouped-array representations and show that depth, apart from assisting figure-ground segmentation, must be encoded in object representations. Unless one assumes that a grouped-array representation makes explicit object surfaces and their orientation in depth relative to the viewer, our results are best accounted for in terms of an object-based attention mechanism that operates on a representation of the perceived 3-D object that encodes the object's orientation in depth relative to the viewer.
One concern with the present study is the possibility that the presence of an object in Experiments 1A and 1B might have lowered the visibility of cues relative to Experiments 2A and 2B. 2 This would predict smaller validity effects for Experiments 1A and 1B than for Experiments 2A and 2B, as well as longer mean RTs for Experiments 1A and 1B than for Experiments 2A and 2B. However, the data do not support either prediction. When we compared cuing effects across experiment and target depth (separately for Experiments 1A and 2A and for Experiments 1B and 2B), we found no main effect of experiment for either comparison in either within-planes or between-planes shifts (all ps . .05). We also found no difference in mean RTs between Experiments 1A and 1B and Experiments 2A and 2B (all ps . .05) . This suggests either that the presence of an object did not alter the effectiveness of our cues or that small differences in cue efficacy may have been present but did not significantly impact our data. Note that even if there were slight differences in cue efficacy not detectable by our study, such effects would not explain the different effects of rotation between Experiments 1A and 1B and Experiments 2A and 2B. Similarly, it is not possible to explain the lack of rotation effects in Experiments 1A and 1B as being due to reduced cue efficacy. Note that rotation had no effect on validity effects when the object was present, regardless of whether rotation increased (for vertical far shifts) or decreased (for all other shifts) 2-D distance. In addition, since equivalent cues were used for Experiments 1A-2B, differences in the effect of target depth across study cannot be explained by cue visibility.
A final novel outcome of the present study concerns the finding that differences in shifting of attention across depth were induced using linear perspective alone. Previous observations of this anisotropy used binocular disparity cues, such as real or stereo-defined depth (e.g., Downing & Pinker, 1985; Gawryszewski et al., 1987) . The
